A model of discharges in a fast longitudinal flow of preheated atmospheric-pressure air is described. The model is based on a kinetic scheme developed recently for the simulation of low-current arc discharges in air. Results of calculations of plasma parameters are given and compared with experimental data.
Introduction
A number of experiments have been reported recently on non-equilibrium regimes of direct current (dc) discharges in atmospheric-pressure air, in particular low-current arc discharges (including gliding arcs) [1] [2] [3] [4] and discharges in a fast longitudinal flow of preliminarily heated air [5, 6] . These regimes, which correspond to relatively high electron number densities, 10 12 -10 13 cm −3 , and relatively low gas temperatures, 2000-3000 K, are of interest for many practical applications: air cleaning from toxic admixtures, shielding of electromagnetic radiation, magnetohydrodynamic and electrohydrodynamic control of high-speed flows, etc. In [7] , a kinetic model of non-equilibrium air plasma has been developed and parameters of low-current dc arc discharges have been calculated and compared with available experimental data. The same kinetic model has been applied to modelling of atmospheric-air discharges sustained by travelling electromagnetic waves [8] . In this work, the kinetic model [7] is used for simulation of air plasma created by dc discharges in a longitudinal flow of heated air.
The model
The dc discharge in the experiments [5, 6] is organized in a flow of atmospheric-pressure air preliminarily heated to temperatures T 0 in the range 1800-2900 K. The flow is directed from the cathode to the anode. Measurements of the radial distribution of the electron number density [6] showed that the width of the discharge is nearly constant along the discharge axis and is practically independent both of T 0 and of the discharge current I .
For the conditions of the experiment [6] the distance between the electrodes d = 3.5 cm, the mean velocity of the gas flow V = 4.5×10 4 cm s −1 , the residence time of the gas in the discharge region 
under conditions as in [6] . Note that the above values of diffusion lengths have been obtained for laminar gas flow. The Reynolds number Re for the conditions of the experiment, estimated using the value of nozzle diameter 1 cm, is of the order of 10 4 . At such Re values the possible enhancement of the effective diffusion coefficients due to turbulence is not large and cannot result in a violation of the inequalities (1).
Inequalities (1) indicate that heat losses and transport of particles in the radial direction are negligible for conditions as in [6] . (In particular, the second inequality in (1) allows one to explain the absence of noticeable dependence of the discharge radius on the distance x from the cathode: an expansion of the discharge channel due to radial diffusion of electrons from the discharge core is small.) It follows that an accurate enough description of the discharge parameters may be obtained in the framework of a one-dimensional approach in which a dependence of plasma parameters only on the axial coordinate x is accounted for. Note that this approach cannot explain the independence of the discharge radius on T 0 and I ; the complete solution of the problem may be obtained only on the basis of two-dimensional gasdynamic and electrodynamic simulation.
Distributions of the gas temperature T , the mean vibrational energy ε V of nitrogen molecules and the number densities n k of species of various kinds k in the onedimensional approach are governed by the balance equations
Here, ρ is the gas density, C * p the heat capacity at constant gas pressure (calculated without taking into account the vibrational excitation of N 2 molecules, see below), η T and η V are the fractions of energy input transferred to gas heating and to the vibrational excitation of N 2 molecules, µ k is the mobility of charged species of kind k (positive for positive ions and negative for electrons and negative ions), σ = e|µ e |n e is the electrical conductivity and n e and n N2 are the number densities of electrons and nitrogen molecules. (Note that the vibrationaltemperatures of other molecular air components, O 2 and NO, are close to the gas temperature due to a fast vibrationaltranslational (VT) relaxation of these species.) The source term F k describes the net rate of generation of species of kind k in kinetic processes of ionization, dissociation, recombination, etc. The term Q VT describing the VT relaxation of nitrogen molecules is written in the form
where ε V (T ) is the equilibrium value of nitrogen vibrational energy and τ VT is the time of VT relaxation for nitrogen molecules. The vibrational distribution of nitrogen molecules under the conditions considered is close to the Boltzmann one, with the vibrational temperature T V related to the mean vibrational energy as
, where E N2 is the vibrational quantum of N 2 . The value of C * p is evaluated as
where C p is the equilibrium value of heat capacity at constant gas pressure. The gas flow velocity V is assumed to be constant along the discharge axis and equal to the mean value given above. This assumption is justified if the increase of gas temperature T due to gas heating inside the discharge is much less than T 0 .
The system of equations also includes Ohm's law,
where j is the discharge current density. A kinetic scheme used in this work includes processes involving neutral species N 2 .) The rate constants of reactions between plasma components and the time of VT relaxation are taken to be the same as in [7] . In addition to the reaction scheme [7] the process of oxygen atom production in collisions with electronically excited nitrogen molecules is accounted for (e.g. [11] ). The values of heat capacity C p from [9] are used. The parameter η T in equation (2) includes both the direct heating (transfer of energy from electrons to molecules in elastic collisions) and heating at fast rotational-translational relaxation of N 2 and O 2 and VT relaxation of O 2 molecules. At values of the reduced electric field E/n = 40-60 Td, realized in conditions similar to that of experiment [6] this parameter may be estimated as η T ∼ 0.03-0.05 (e.g. [12] , figure 5.14) . The sum of η T and η V is taken to be equal to unity, because fractions of energy input transferred to other degrees of freedom of molecules, such as electronic excitation, etc are negligibly small under the conditions considered.
Note that in [6] a comparison of the experimental data with those calculated on the basis of the kinetic model [5] is presented. The same model has been used in twodimensional discharge simulation [13] . The major difference between the model [5] and that used in this work is as follows. In [5] the rate constants of reactions with the participation of electrons are obtained by averaging the corresponding cross sections with the Maxwellian electron energy distribution function (EEDF), the value of the electron temperature being determined from the electron energy balance equation. However, the EEDF may differ substantially from the Maxwellian one for the conditions considered, due to a rather low ionization degree. In a given model a more accurate approach to the determination of rate constants for processes with high energy thresholds (ionization, dissociation, dissociative attachment) is used, based on finding the EEDF by means of a solution of the Boltzmann equation.
Below, the discharge parameters are calculated for current densities j higher than 0.1 A cm −2 , when the time of electronion recombination τ rec (which is nearly inversely proportional to j ) is smaller than the residence time of the gas in the discharge τ flow . A local balance of charged particles is established not far from the cathode, under these conditions, and the dependence of plasma parameters on the processes near the cathode is weak. At lower j , when an opposite relation, τ rec > τ flow , takes place, the plasma parameters in the whole of the discharge region are determined by the details of discharge formation in the near-cathode region, which can be described accurately enough only in the framework of the two-dimensional approach.
Our calculations start at the point x = 0 corresponding to the beginning of the discharge column, just after the cathodic part of the discharge. It is assumed that, at x > 0, the current density is independent of x (the discharge radius is constant) and the plasma is quasi-neutral. From equation (7), taking into account the electron mobility dependence on the electric field |µ e | ∼ E −γ (for air γ ≈ 0.2), one finds that the product n e E 1−γ is independent of x, that is,
The total number density of negative ions, n n , calculated using the local balance equations for each sort of negative ion (such an approach is justified because the rates of detachment are sufficiently high), may be approximated as n n = n e ϕ(E), where the function ϕ(E) describes the dependence of the attachment rate on the electric field. It follows that dn p dx
Equation (9) allows us to rewrite equation (4) for positive ions as an equation governing the distribution of the electric field:
In the main part of the discharge, this equation is reduced to the condition of local balance of generation and loss of charged species, F p ≈ 0; the left-hand side of equation (10) is essential only in a thin region near x = 0 where the variation of T and of neutral species densities is small. This justifies the simplifications made while deriving equation (9): the dependence of µ p and of the function ϕ on the gas temperature and on the densities of active species destroying negative ions is neglected. The dependence of positive ion mobility, µ p , on E is weak and is also neglected. To obtain the boundary condition for equation (10), it is assumed that the reduced electric field E/n at x = 0 has a value in the range 100-200 Td, intermediate between relatively low E/n in the column and high E/n in the cathode part. (Note that a variation of this value inside the above interval affects the calculated discharge parameters only close to x = 0; see below.) The electron number density n e is determined by equation (7), the densities of negative ions are calculated using the local balance equations, and the density of positive ions is obtained from the condition of quasi-neutrality. The boundary conditions for equations (2) and (3) are as follows:
. The densities of neutral species at x = 0 are taken to be the equilibrium values at T 0 .
Results and discussion
Axial distributions of plasma parameters, calculated at various values of T 0 for the current density j = 2 A cm −2 , are given in figures 1-4. The reduced electric field E/n (figure 1) tends to reach, at some distance from the cathode, a value (independent of x) that provides the balance of production and loss of charged particles. An increase of T 0 results in a decrease of the mean E/n values.
The gas and vibrational temperatures given in figure 2 increase with x. Note that variation of the parameter η T in the range 0.03-0.05 does not affect noticeably the rate of increase of T with x, since the major source of gas heating is VT relaxation of nitrogen molecules. At large distances from the cathode, the values of T V are larger at smaller T 0 .
The molar fraction X O of O atoms (figure 3) increases with x, the rate of increase being faster at smaller T 0 . The electron number density (figure 4) increases steeply at small x, in the high-field region, and saturates in the region where the balance of loss and generation of charged particles is reached. The total number density of negative ions decreases with x, due to the accumulation of O atoms resulting in an increase in the detachment rate. Note that at T 0 = 1800 K the process of recombination of negative and positive ions affects the balance of generation and loss of charged particles substantially. An increase of T V and X O along the discharge axis results in an increase (at fixed E/n) of ionization and detachment rates. This effect leads to the decrease of E/n with increase in x (see figure 1 ): with growth of T V and X O the ionization balance is sustained at lower E/n values.
The axial distributions of the reduced electric field at T 0 = 2300 K are given in figure 5 for two values of the current density j , 0.2 and 2 A cm −2 . The near-cathode region of strong variation of E/n shortens and the quasi-stationary E/n values grow with increase in j .
To demonstrate the effect of the boundary condition for equation (10) , in figure 6 the axial distributions of the reduced electric field close to the cathode are given at T 0 = 1800 K and j = 2 A cm −2 , calculated for two values of E/n at x = 0: 100 and 150 Td. It is seen that the difference between the two distributions is localized in a very thin region.
In figure 7 the mean electric field E (defined as E = d 0 E dx/d) versus the current density j is given, both measured in [6] and obtained by simulation. The calculated electric field values are seen to be in reasonable agreement with the experiment.
A comparison of E values at T 0 = 2000 K versus j , up to j = 10 A cm −2 , calculated in [6] and in this work, is presented in figure 8 . Calculations [6] have been performed in the zero-dimensional approximation. It is seen that taking into account the change in plasma parameters along the discharge axis, substantial at high j , leads to a steeper decrease of E with the growth of j in comparison with the results obtained in [6] without taking this into account.
Note that for current densities j close to 10 A cm −2 the condition T T 0 is violated and the use of a constant gas velocity along the discharge axis may result in noticeable errors. At the same time, at high values of the mean gas temperature, corresponding to high j , inequalities (1) also become invalid. Therefore, an accurate estimate of discharge parameters at j 10 A cm −2 must be based on twodimensional simulations.
Conclusion
A discharge in fast longitudinal flow of preheated air, under conditions similar to those of the experiment in [6] may be calculated accurately enough in the framework of a onedimensional model that takes into account variations of the plasma characteristics only along the discharge axis. Discharge simulation on the basis of a kinetic scheme for heated air [7] , used previously for the description of low-current arcs and microwave discharges, gives discharge parameters that are in reasonable agreement with experimental data [6] .
Results of calculations show that plasma characteristics may change substantially along the discharge axis. At a lower value of the gas temperature, T 0 = 1800 K, the role of processes involving negative ions is essential.
